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Edited by Peter BrzezinskiAbstract Electron paramagnetic resonance (EPR) spectros-
copy reveals functional and structural similarities between the
reaction centres of the chlorophyll d-binding photosystem I
(PS I) and chlorophyll a-binding PS I. Continuous wave EPR
spectrometry at 12 K identiﬁes iron–sulphur centres as terminal
electron acceptors of chlorophyll d-binding PS I. A transient
light-induced electron spin echo (ESE) signal indicates the pres-
ence of a quinone as the secondary electron acceptor (Q) between
Pþ740 and the iron–sulphur centres. The distance between P
þ
740 and
Q was estimated within point-dipole approximation as
25.23 ± 0.05 A˚, by the analysis of the electron spin echo envelope
modulation.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Electron transfer reactions in oxygenic photosynthetic
organisms take place through the concerted action of two pho-
tochemical events, operating in series, catalysed by photosys-
tem II (PS II) and photosystem I (PS I), respectively [1].
Higher plants, algae and cyanobacteria have developed diﬀer-
ent strategies to optimise light harvesting, but, in all cases, pri-
mary charge separation originates from the lower singlet
excited state of chlorophyll (Chl) a. An interesting exception
to this general rule is the cyanobacterium Acaryochloris marina
(A. marina) which binds Chl d [2], with a stoichiometry of 95:5
compared to Chl a. Chl d chemically diﬀers from Chl a in the
group substitution at the C-3 of the porphyrin ring I: a formylAbbreviations: Chl d(a), Chlorophyll d(a); EPR, electron paramagnetic
resonance; ESE, electron spin echo; ESEEM, electron spin echo env-
elope modulation; OOP, out-of-phase; PS I, photosystem I;
Pþ740 ðPþ700Þ; PS I, Primary donor (cation); Q, a quinone secondary
electron acceptor; SFT, sine Fourier transform
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doi:10.1016/j.febslet.2007.03.014group is present in the former, instead of vinyl in the latter. As
a result of the chemical substitution, the maximum of the low-
est lying electronic transition is red-shifted by about 30 nm in
Chl d compared to Chl a [3]. Chl d has been demonstrated to
act as the photochemically competent pigment in the PS I reac-
tion centre of A. marina [4] and the main light-harvesting pig-
ment [5–7].
The electron transfer reactions and the redox active cofac-
tors bound to the PS I of A. marina have been only partially
elucidated [4,8,9]. Following light absorption and rapid excita-
tion equilibration in the antenna, the electron transfer reac-
tions are initiated by the oxidation of the primary donor
(P740) which is the best characterised electron transfer interme-
diate. The light minus dark ½Pþ740–P740 diﬀerence absorption
spectra recorded at room temperature showed a complex struc-
ture, with a main bleaching band centred at 740 nm, and satel-
lite bands at 710 and 690 nm [4]. Thus, there is a large
diﬀerence in free energy available for subsequent photochemis-
try between Chl a driven reaction centres ðP700 ¼ 1:77 eVÞ and
Chl d reaction centres ðP740 ¼ 1:68 eVÞ. Moreover, the mid-
point redox potential of Pþ740 is 335 mV [4], which is 120–
125 mV more reducing compared to Pþ700 [10].
The nature of the primary donor Pþ740 was investigated by
FTIR [11] and EPR/ENDOR spectroscopy [12] at cryogenic
temperatures. The electron paramagnetic resonance (EPR)
spectrum of the Pþ740 radical is centred at giso = 2.0028 and
has a line-width of 0.77 mT, which is signiﬁcantly narrower
than the value of 1.09 mT reported for the Chl d cation in
an organic solvent [12]. However, the ENDOR spectrum of
Pþ740 shows a single set of hyperﬁne couplings [12], suggesting
that the cationic state resides on a single Chl d molecule. These
results are reminiscent of the case of Pþ700 of Chl a-binding PS I,
in which a strong charge delocalisation over one half of the Chl
a–Chl a 0 heterodimer was suggested based on a series of hyper-
ﬁne-resolved EPR studies (reviewed in [10]). Akiyama et al.
[13] suggested, based on a detailed analysis of the pigment stoi-
chiometry, that P740 is also a Chl d–Chl d
0 heterodimer. On the
other hand the analysis of the vibrational modes of the
½Pþ740–P700 FTIR diﬀerence spectrum were interpreted in terms
of a dimeric primary donor in which the cationic state is more
delocalised than in Pþ700 [11].
The primary electron acceptor of the PS I of A. marina is
also a Chl molecule, which is reduced in 8–15 ps and oxidised
by a secondary acceptor in about 50 ps [8,9]. The nature of the
secondary electron transfer acceptors has not been deﬁnedblished by Elsevier B.V. All rights reserved.
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were extracted with organic solvents and subsequently recon-
stituted suggested the involvement of a phylloquinone mole-
cule as a secondary acceptor [4,14]. Based on the eﬀect of
exogenous electron acceptors and their redox potentials it
was proposed that the terminal acceptor in the PS I of A. mar-
ina are iron–sulphur clusters [4]. However, the redox cofactors
involved in the electron transfer reaction downstream of the
primary radical pair have not been characterised directly,
either by spectroscopic or by kinetic investigations.
In the present study we have investigated the electron trans-
fer reactions in an isolated Chl d-binding PS I near room tem-
perature (265 K) and at cryogenic temperatures by means of
continuous wave and time-resolved EPR spectroscopy.2. Materials and methods
2.1. Preparation of Chl d-binding PS I complexes
The thylakoid membranes from A. marina were prepared following
the procedure as described in Ref. [6]. Isolated thylakoid membranes
were solubilised for 30 min in the dark at 4 C using 2.5% b-dodecyl
maltoside (Sigma) and the dissolved complexes were separated on su-
crose density gradients. Three distinct green bands were resolved of
which the bottom green band was the Chl d-binding PS I enriched frac-
tion [6]. The PS I fraction was further puriﬁed using an anion exchange
column Q-sepharose (5 cm length, 1 cm diameter) with NaCl gradient
0–350 mM, in 20 mM MES, pH 6.5; 2.5 mM CaCl2; 2.5 mM MgCl2;
500 mM betaine and 0.03 % b-dodecyl maltoside, at a ﬂow rate of
1 ml/min. The green fraction eluted with 300–350 mM NaCl contains
the puriﬁed PS I complexes.
2.2. Continuous-wave (CW) and pulse-EPR
The CW-EPR spectra were recorded at X-Band (9 GHz) on a
JEOL RE1X spectrometer equipped with a resonator that allows the
illumination of the sample in the EPR cavity. The temperature was
controlled by an ESR-9 liquid He ﬂow cryostat, controlled by an
ITC 5 unit (Oxford Instruments).
The decay of the light-induced ESE was measured in a Bruker
ESP580 X-band spectrometer, equipped with a variable Q dielectric
resonator (Bruker EN4118 X-MD-4W) as previously described [15].
The echo was generated by a two-pulse sequence: the p/2 and p pulses
were 8 ns and 16 ns, respectively, and the inter-pulse distance s was
124 ns. Actinic illumination was supplied by a Spectra Physics DCR-
11 frequency doubled Nd:YAG laser. The spectrometer time resolu-Fig. 1. Continuous-wave light minus dark diﬀerence EPR spectra of electro
electron transfer at 12 K. (A) CW-EPR spectrum of iron sulphur centres. Exp
microwave frequency 9.013 GHz. (B) Primary donor, Pþ740. Experimental con
frequency 9.013 GHz.tion is 50 ns. The data were corrected for imperfect phase setting
and contributions from stable radicals generated during experiments
as previously described [16].
2.3. Data analysis
The electron spin echo envelope modulation (ESEEM) was ﬁtted
using Eq. (1) which describes the time-dependence within point-dipole
approximation [15,16]:
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where D is the dipolar coupling, J the exchange interaction, T the mag-
netic relaxation lifetime and FrC and FrS, are the cosine and sine Fres-
nel functions. Eq. (1) was implemented by a quadratic baseline
correction, which was subtracted from both the experimental results
and the ﬁt function previous to Fourier transformation. The kinetics
of the ESE decay and the ESEEM time dependences were ﬁtted using
laboratory written softwares which utilise the Levenberg–Marquardt
algorithm that minimises the sum of squared residuals as previously
described [15,16]. The errors associated with the ﬁt parameters were
determined as described in Ref. [17].3. Results and discussion
3.1. Electron transfer at cryogenic temperatures
Fig. 1A shows the light minus dark EPR diﬀerence spectrum
obtained after illumination of the isolated Chl d-binding PS I
complexes at 12 K, and detected under high microwave power
(10 mW) and ﬁeld modulation (1 mT). The EPR diﬀerence
spectrum is characteristic of [4Fe–4S] clusters and shows the
clear features at gxx (2.07 and 2.05), gyy (1.93 and 1.91) and
gzz (1.87 and 1.85), which are reminiscent of those attributed
to FA and FB in Chl a-binding PS I (reviewed in [18]). The pri-
mary sequences of the PsaA and PsaB reaction centre subunits
of cyanobacteria (Chl a-containing PSI) and A. marina are
highly homologous (86%) [4]. Moreover, the sequences align-
ment of the FA–FB-binding PsaC subunit between Chl a- and
Chl d-binding shows over 98% identity (data not shown).
The similarity of the EPR spectra strongly suggests that the
terminal acceptors of the Chl d-binding PS I of A. marinan transfer cofactors in the PS I of A. marina generated by irreversible
erimental conditions: microwave power 10 mW, ﬁeld modulation 1 mT,
ditions: microwave power 2 lW, ﬁeld modulation 0.1 mT, microwave
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as they are bound to the same highly homologous PsaC sub-
unit.
Fig. 1B shows the light minus dark diﬀerence spectrum re-
corded at low power (2 lW) and lower ﬁeld modulation
(0.1 mT). The spectrum shows a derivative Gaussian band-
shape characterised by a line-width of 0.8 ± 0.1 mT and cen-
tred at g 2.002 ± 0.001 and is attributed to the primary donor
cation Pþ740. This spectrum is in general agreement with the one
published by Mino et al. [12]. The slightly larger bandwidth is
probably due to partial saturation of the EPR signal at 12 K
(compared to 100 K in Ref. [12]), even at very low microwave
power.
The radical species generated by illumination at 12 K are
stable at this temperature, indicating irreversible electron
transfer reactions at cryogenic temperature from the primary
donor to terminal iron–sulphur cluster acceptors in the PS I
of A. marina, as is also seen in PSI from Chl a containing
organisms. The simultaneous reduction of both iron–sulphur
clusters also suggests that, the two iron–sulphur centres have,
like FA and FB, almost identical redox potential.3.2. Detection of a light-induced ESE signal and the kinetics of
its decay at 265 K and 100 K
The decay of the light-induced out-of-phase (OOP) ESE sig-
nal at 265 K in shown in Fig. 2A. The inversion of the signal
phase is a common occurrence in spin correlated bi-radical
species, and is due to spin–spin interaction within the radical
pair (e.g. [19,20]). Thus, we attribute the observed ESE to a
radical pair state generated by electron transfer reactions in
the isolated PS I from A. marina. Near room temperature
the kinetics of the ESE is determined by the rates of the elec-
tron transfer reactions, i.e. magnetic relaxation phenomena
are an order of magnitude slower [15,16]. At 265 K the ESE
signal decay is described by a single exponential componentFig. 2. Kinetics of the decay of the ESE associated with light induced spin-c
265 K (A) and at 100 K (B). The dash dotted lines are the experimental result
frequency: 9.625 GHz; ﬁeld: 343.1 mT; g = 2.004.characterised by a lifetime of 497 ± 35 ns. The primary radical
pair in the Chl d-binding system decays with a lifetime of 20–
40 ps at room temperature [8,9]. Therefore, the decay of the
primary radical pair is not detected by pulsed-EPR experi-
ments. Hence, the decay of the ESE signal (Fig. 2A) at room
temperature arises from a successive electron transfer reaction,
such as secondary (or a ternary) radical pair. The reconstitu-
tion experiments of electron transfer cofactors in the isolated
PS I from A. marina suggested that a quinone acts as the sec-
ondary electron transfer acceptor [14]. This interpretation is
supported by the similarity of the decay rate of the OOP-
ESE signal determined in the present study (500 ns) com-
pared to the values of 350–450 ns determined in the well-stud-
ied ½Pþ700A1  radical pair of Chl a-binding PS I (reviewed in
[21]). We label this radical pair as ½Pþ740Q, because the precise
chemical nature of the secondary electron acceptor in the Chl
d-binding PS I complexes is not fully identiﬁed.
The decay of the ESE recorded at 100 K is monophasic and
is described by a lifetime of 16.0 ± 0.2 ls (Fig. 2B). The kinet-
ics of the ESE decay remain monophasic either when the ter-
minal acceptors are reduced in the dark by Na2S2O4, or
when the sample is pre-illuminated in the presence of Na2S2O4.
Therefore, the ESE at 100 K is assigned to the charge recom-
bination reactions of the ½Pþ740Q radical pair, rather than to
forward electron transfer as observed at 265 K. However, at
100 K the decay of the ESE signal is dominated by the loss
of spin coherence due to spin-lattice relaxation. Hence, the
kinetics of the secondary radical pair measured by EPR and
optical spectroscopy diﬀer by about one order of magnitude
(i.e. from 20 ls [15,16] to 200 ls [21] in Chl a-binding PS
I). Thus, despite the similarity of the decay time of the ESE
in the Chl d-binding PS I of A. marina (16 ls) with the those
previously reported for the case of Chl a-binding reaction cen-
tres (5–30 ls range), at low temperature it is not possible to
draw meaningful conclusions relating to the eﬀective rate of the
charge recombination reactions.orrelated secondary radical pair in the PS I of A. marina monitored at
s: the thick solid lines are the ﬁts. Experimental conditions: microwave
Fig. 3. (A) Time dependence of the OOP-ESEEM associated with the spin-correlated radical pair ½Pþ700QX  in the pre-reduced PS I of A. marina by
using 11.5 mM sodium dithionite (black circles). The open circles are the extrapolation to s = 0. The solid line is the ﬁt according to Eq. (1) and the
dash line is the quadratic baseline correction. (B) Sine Fourier transforms of OOP-ESEEM. The solid lines are the SFT of time domain ﬁt.
Experimental conditions: ﬁeld: 344.2 mT; MW freq.: 9.653 GHz; temp.: 100 K; g = 2.004.
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signal
In order to get more information about to the radical pair
couple observed by transient EPR spectroscopy we have ana-
lysed the OOP-ESEEM time dependence arising from
½Pþ740Q at 100 K. The ESEEM time dependence is shown in
Fig. 3A together with its sine Fourier transform (Fig. 3B).
The ﬁt of the ESEEM time dependence yields the dipolar inter-
action energy (D) of 173.38 ± 0.96 lT, the exchange interac-
tion (J) of 1.35 ± 0.36 lT and the magnetic relaxation lifetime
(T) of 581 ± 13 ns. The distance between the radical pair part-
ners within the point-dipole approximation can be accurately
estimated using the relationship [17]:
D ¼  3gelBl0
8pr3
ð2Þ
where ge is the g-factor of the free electron, lB the Bohr mag-
neton, l0 the vacuum permeability and r is the distance be-
tween the radical pair partners.
From the value of D = 173.38 lT, the distance between the
Pþ740 and Q
 in the PS I of A. marina is determined as
25.23 ± 0.05 A˚. It should be noted that the distance obtained
from the dipolar coupling interaction is diﬀerent from the gen-
erally deﬁned physical distance between groups in the electron
transfer donor and acceptor molecules. In the isolated Chl a-
binding PS I complexes the distance between Pþ700 and A

1ðAÞ
determined by analysing FT-ESEEM is 25.5 ± 0.1 A˚ [22,23].
Those estimates obtained by ESEEM methods are in excellent
agreement with the crystallographic models (reviewed in [24]).
Thus, the distance between the electronic spins in primary
donor cation and the secondary electron acceptor anion in
Chl a-binding (25.5 A˚) and the Chl-d binding (25.23 A˚) PS
I reaction centres appear to be extremely close.
3.4. Concluding remarks
Electron transfer from P740 to the terminal [4Fe–4S] clusters
in the PS I reaction centre of A. marina can take place irrevers-
ibly at 12 K. However, an intense ESE attributable to the
½Pþ740Q radical pair is observed at cryogenic temperature,
without the need to pre-reduce the terminal acceptors. This
observation indicates that only a fraction of reaction centresare able to irreversibly reduce the terminal iron–sulphur clus-
ters, forming the ½Pþ740FA=B radical pair. In the remaining frac-
tion of reaction centres, electron transfer to the terminal
acceptors is inhibited at temperatures as high as 100 K, and
charge recombination is observed instead.
Similar observations were reported for the case of Chl a-
binding PS I, and are generally described as a heterogeneous
electron transfer reaction. The data were originally interpreted
in terms of a broad distribution of the redox midpoint poten-
tial of the secondary quinone acceptor A1 and the following re-
dox-active cofactor, the [4Fe–4S] centre FX [21]. However, at
present, there is no ﬁrm experimental evidence for the presence
of an FX-like cluster in the reaction centre of A. marina.
The kinetics of the secondary radical pair were detected near
room temperature and shown to take place on a similar time
scale (500 ns) to that measured in Chl a-driven PS I (300–
450 ns). The distance between the partners in the secondary
radical pair was determined with high precision as 25.23 A˚,
from the analysis of the dipolar interaction. This highlights
the utility of EPR techniques for the structural and functional
investigation of photosynthetic reaction centres. The determi-
nation of the functional distance between Pþ740 and Q
 consti-
tutes, to our knowledge, the ﬁrst structural information at the
molecular level of a photosystem involved in oxygenic photo-
synthesis which does not rely on Chl a as the primary photo-
chemical agent. These results suggest that the structure of PS
I complexes appears to be extremely well conserved, whether
binding Chl d or Chl a, in terms of the chemical nature and
spatial arrangement of redox cofactors. The functional and
structural similarities between the Chl a- and Chl d-binding
PS I can be interpreted either in terms of a parallel evolution
of these reaction centres or, perhaps more convincingly, in
terms of a successive evolution of the reaction centre of A.
marina from the otherwise ubiquitous Chl a-based PS I, in or-
der to adapt to the very peculiar environmental niche in which
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